We study the effects of N * (1440) resonance on the production of kaons, antikaons and antiprotons in heavy-ion collisions at subthreshold energies. Using free-space widths for the ∆(1232) and the N * (1440) resonance and free-space thresholds for particle production, it is found that the N * -baryon interactions contribute about 10%, 25% and 80% to the yield of kaon, antikaon and antiproton, respectively. Doubling the widths of resonances due to possible medium effects, both the total and the N * induced antiproton yield decrease by about a factor of 3. Using a reduced antiproton production threshold in a nuclear medium as a result of dropping in-medium nucleon and antiproton masses, the total and the N * induced antiproton yield increase by a factor of 35 and 27, respectively, and the contribution of the N * induced collisions is reduced to about 50% of the total.
Particle production, especially at subthreshold energies, provides valuable information about the high density phase of relativistic heavy-ion collisions [1] . Experimental data accumulated at several laboratories during the last decade together with those obtained more recently at SIS/GSI on the production of kaons, antikaons, antiprotons and etas as well as pions indicate that a gradual transition to a resonance matter occurs in the participant region of heavy-ion collisions at beam energies of 1 to 2 GeV/nucleon [2] . The resonance matter is characterized by a high baryon density with about 1/3 of the nucleons excited to the resonance states. To study in detail the properties of this new form of matter, it is important to first determine its baryonic composition, i.e., the relative abundance of nucleons and various baryon resonances. In the beam energy range of 1-2 GeV/nucleon, the important baryonic resonances are ∆(1232), N * (1440), N * (1520) and N * (1535). The excitation of the ∆(1232) resonance in heavy-ion collisions has been extensively studied through pion production, and its effects on the production of kaons, antikaons as well as antiprotons at subthreshold energies have been stressed frequently in the literature. While the excitation of N * (1535) resonance has been studied through eta mesons [3, 4] , no detailed study on the excitation of N * (1440) resonance has been carried out, and its effects on subthreshold particle production are still unclear.
Resonances are produced in heavy-ion collisions from energetic hadron-hadron collisions.
Subsequent collisions or decays of these high energy resonances can produce particles that cannot be produced in the first-chance nucleon-nucleon interactions. From energy consideration, one expects that the effects of baryon resonances on particle production strongly depend on the threshold energies of the particles to be produced, the mass of resonances, and the excitation functions of resonances in hadron-hadron collisions.
Also, the properties of hadrons, including the baryon resonances, in a hot and dense matter may be different from those in free space [5] [6] [7] [8] . To study the properties of hadrons in the hot and dense matter has been one of the motivations for relativistic heavy-ion research. It has been shown recently via the relativistic transport model that the attractive scalar mean-field potential, which leads to a reduction of particle production thresholds 2 in a medium, is required to account for the measured yields of kaons [9] , antikaons [10] , and antiprotons [11] from heavy-ion collisions at subthreshold energies. In these studies, higher resonances other than the delta have been ignored. To extract more quantitatively information of the scalar mean-field potential for kaons, antikaons, and antiprotons from heavy-ion collisions, it is important to know the contribution of higher resonances to their production.
In this paper, we shall study the excitation of N * (1440) resonance in the hot and dense hadronic matter formed in the initial compression stage of heavy-ion collisions at beam energies around 1-2 GeV/nucleon. In particular, the effects of N * (1440) resonance on the production of kaons, antikaons and antiprotons in heavy-ion collisions at subthreshold energies will be investigated. Our study is based on the hadronic transport model for heavyion collisions, as described in details in refs. [12, 13] . This model includes both ∆ (1232) and N * should be mentioned that the maximum number of ∆(1232) resonance increases from 52 to 89 in the same collision, and therefore the ratio of the abundance for the N * and the ∆ 3 resonance increases from 14% to 19% as the beam energy increases from 1 to 2 GeV/nucleon.
We now study the effects of N * resonance on the production of kaons, antikaons and antiprotons in heavy-ion collisions at subthreshold energies. The production probabilities of these particles are calculated perturbatively in the hadronic transport model as in other model calculations [9] [10] [11] 15, 16] . Since we are only interested in studying the effects of N * resonance, no final-state interaction for the produced particles is taken into account. Therefore, the calculated particle production probabilities should be regarded as primordial higher thresholds. This is indeed seen in our calculations as we will discuss in the following.
Antikaon and antiproton production probabilities in the Ni+Ni collisions at beam energies of 1.85 GeV/nucleon and 2.1 GeV/nucleon and impact parameters between 1 and 7 fm are shown in Fig. 3 and Fig. 4 , respectively. It is seen that at both beam energies the N * involved collisions contribute about 25% to the total antikaon yields. While for antiproton production the N * involved collisions contribute about 90% at 1.85 GeV/nucleon, this contribution decreases to about 70% at 2.1 GeV/nucleon as one would expect. This finding indicates that antiproton production at subthreshold energies may serve as a possible probe
of N * resonances in the resonance matter formed in relativistic heavy-ion collisions.
However, before deliberating further on the effects of N * resonance on subthreshold particle production it is necessary to add a few cautions. In the above calculations, free- by doubling the widths of ∆ and N * resonance. These calculations can, however, only be regarded as schematic since it is not reliably known how the widths may depend on the density of the nuclear medium, and moreover it is highly doubtful that one can still treat resonances with such large widths as quasiparticles as usually done in transport models.
Results of these calculations for the Ni+Ni collision at a beam energy of 2.1 GeV/nucleon and an impact parameter of 1.0 fm are listed in Table 1 .
It is seen that by doubling the widths of the resonances the total kaon production probability is slightly increased and the contribution from the N * involved collisions decrease to about 7%. This is understandable as the resonances decay faster contributions to kaon production from higher resonances become less important. The overall reduction of the kaon production probability in the resonance involved collisions is, however, almost completely compensated by the increase of that in the πN collisions. For antikaons the N * contribution decreases from 28% to 20%. For antiprotons, doubling the resonance widths results in a reduction of both the total and the N * involved production probability by about a factor of 3. Furthermore, the N * contribution is reduced from 70% to 65%. Nevertheless, we need to be cautious in stressing the total change of the antikaon and antiproton yields as contributions to antikaon and antiproton production from pion induced reactions are almost unknown and have been neglected in the present calculations.
Another important in-medium effect is the changing masses of hadrons in a dense medium. This effect on the production of subthreshold kaons, antikaons, and antiprotons has been studied extensively [9] [10] [11] . As the N * resonance is found to have the most important effect on subthreshold antiproton production, we now study schematically how this effect may change if in-medium masses of hadrons are used. For this purpose, we use the empirical density-dependent nucleon effective mass in a medium as proposed in refs. [5, 8] for the two produced particles in the reaction BB → NNpp. Consequently, the density-dependent threshold for antiproton production in a nuclear medium can be written as
here m n is the free nucleon mass and ρ 0 is the normal nuclear matter density. Using the reduced, density-dependent threshold we have found that the total and the N * involved antiproton yield increase by a factor of 35 and 27, respectively, in the Ni+Ni collision at a beam energy of 2.1 GeV/nucleon and an impact parameter of 1.0 fm. The contribution of the N * involved collisions decreases to about 50% of the total probability. Numerical results of this calculation are listed in the last row of Table 1 .
In summary, we have studied the excitation of the N * (1440) resonance in heavy-ion collisions at beam energies from 1 to 2 GeV/nucleon. It is found that the contribution of N * resonance to subthreshold kaon and antikaon production is small compared with that from the delta resonance. The results of Refs. [9, 11] obtained without the N * resonance are therefore not much affected. On the other hand, the N * resonance does contribute appreciably to antiproton production from heavy-ion collisions at subthreshold energies. Since 6 the medium effects due to the attractive scalar mean field are much larger than the effect from the N * resonance, the conclusion of Ref. [10] that the observed antiproton yield in subthreshold heavy-ion collisions is consistent with a reduced threshold as a result of the reduction in the in-medium antiproton mass remains valid. However, to study more quantitatively the in-medium effects on antiproton production, one needs to include in the future the N * resonance. We therefore conclude that antiproton production from heavy-ion collisions at subthreshold energies not only provides information on the in-medium properties of the antiproton but also serve as a possible probe of the N * (1440) resonance in the resonance matter. 
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